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13 ?é{ (U) ABSTRACT ,%’

This report presents a rigid body analysis of the dynamics of the
control, separation, and lift-off motion of the SA-6 vehicle for the
predicted standard trajectory.

A headwind restriction of 27 meters per second is imposed on the
vehicle flight in order not to exceed the 5.5° angle-of-attack limita-
tion due to structural considerations. The wind restriction is a head-
wind due to programmed 4° angle-of-attack in the maximum dynamic
pressure region. With this wind restriction, the launch probability
is still approximately in the 30 confidence level for the four months
May through August.

Under the disturbances considered in this study, there is no
collision or control problem during separation of the S-I/S-IV stages
for the predicted SA-6 flight.

The "close' launch support equipment is not an obstacle to the
lift-off of the SA-6 vehicle under the disturbances considered. A
collision problem with the umbilical tower does exist if control
engine no. 1 should fail very early in flight; however, this occurrence

must be considered highly improbable. Ve ?
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(U) SUMMARY

This report presents a rigid body analysis of the dynamics of the
control, separation, and lift-off motion of the SA-6 vehicle for the
predicted standard trajectory.

A headwind restriction of 27 meters per second is imposed on the
vehicle flight in order not to exceed the 5.5° angle-of-attack limita-
tion due to structural considerations. The wind restriction is a head-
wind due to programmed 4° angle-of-attack in the maximum dynamic
pressure region. With this wind restriction, the launch probability
is still approximately in the 3 0 confidence level for the four months
May through August.

Under the disturbances considered in this study, there is no
collision or control problem during separation of the S-I/S-IV stages
for the predicted SA-6 flight.

The "close'" launch support equipment is not an obstacle to the
lift-off of the SA-6 vehicle under the disturbances considered. A
collision problem with the umbilical tower does exist if control
engine no. 1 should fail very early in flight; however, this occurrence
must be considered highly improbable.

I. (U) INTRODUCTION

Rigid body control requirements are investigated for the SA-6
predicted flight. The study is conducted for the first stage flight
time through separation with emphasis on the lift-off, maximum dynamic
pressure, and separation times of flight. Wind restrictions are
established based on structural limitations. It is also shown that
there are no problems during lift-off and separation for the SA-6
vehicle. S-IV control requirements are also investigated.

The analysis for this study is presented in three sections, i.e.,
rigid body control, separation, and lift-off, in that order.
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ITI. (C) VEHICLE DESCRIPTION AND TRAJECTORY INFORMATION

The first stage propulsion system of the SA-6 vehicle consists of
eight modified H-1 engines, rated at 188K pounds thrust per engine at
sea level. The second stage (S-IV) of the SA-6 vehicle is propelled by
six Pratt and Whitney engines, which develop 15K pounds each under
vacuum conditions.  Pertinent performance data are:

First Stage

Lift-Off MasS...eo...... e 512,906 (kg) 1,130,764 (1lbm)
Thrust (Sea Level)..eerieeererierneennannnn 6,725,364 (N) 1,511,192 (1bf)
Specific Impulse (Sea Level)............. 256 (sec)

Total Propellant (LOX/RP-1) Mass...... ...385,553.6 (kg) 850,000 (1bm)
Lift-Off Acceleration.........ccvvueuuun.. 13 (m/sec™)

Second Stage

Lift-O0ff MasS. «vvenuueeeneennerennnennn 65,894.0 (kg) 145,271 (1bm)

Thrust (Vacuum)............ e e ieee e 397,260 (W) 89,308 (1bf)

Specific Impulse (Vacuum)............... 429.5 (sec)

Total Propellants (H2/02) (Mass)........ 45,722.1 (kg)- 100,800 (1bm)
Payload

Orbital Payload (Mass)....eveuveeennnn. 7,711.1 (kg) 17,000 (1bm)

This study is based on the predicted, propelled flight phase of the
SA-6 vehicle through separation of S-I/S-IV stages. A brief history of
the first stage propelled flight is given in the Table. The powered
flight is based on nominal eight-engine booster operation using a biased
tilt program. The tilt program is biased to create a 4° angle of attack
in the maximum dynamic pressure region under nominal conditions. This
programmed angle of attack is needed in order to evaluate control forces,
fin loads, and establish stability ratios more accurately than was
possible on SA-5.
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ITI. (C) ANALYSIS

A. (C) Control

The histories of the motion of the center of gravity (CG) and
center of pressure (CP) over flight time are shown on Figure 1. This
time history of the motion of CG and CP shows the vehicle to be aero-
dynamically stable; i.e., the CG is forward of the CP, from approxi-
mately 47 seconds to 58 seconds of flight, when the velocity is around
Mach 1. The slope of the normal force coefficient as a function of
flight time is also shown on this same Figure 1. Shown on Figure 2 is
the pitch moment of inertia as a function of flight time for the SA-6
vehicle. Figure 3 gives the dynamic pressure (q) over flight time for
the powered phase of the booster flight.

The wind disturbances used in this analysis are based on the
May and June median winds and the May and June three-sigma headwinds.
These wind profiles are shown on Figure 4. The wind shears and embedded
gusts used are based on the 997 confidence level. The method used in
the application of the wind disturbances to the vehicle is given in
Reference 1.

The aerodynamic restoring moment coefficient (C,) and control
moment coefficient (C,) as a function of flight time are shown on
Figure 5. The ratio of the aerodynamic restoring moment coefficient to
control moment coefficient (C./C,) is shown on Figure 6 as a function
of flight time. The ratio reachés a local peak instability of -.07 at
approximately 35 seconds, a peak positive stability of .13 at approxi-
mately 52 seconds, and then peak instability of -.53 at approximately
82 seconds.

A double sensing control system, utilizing a missile-fixed
accelerometer and attitude control, is used in the pitch and yaw
planes. The accelerometers are located in the instrument compartment
at approximately station 1500. A second order differential equation
for a mathematical simulation of the accelerometer and attitude filters
is used. This simulation is good up to a frequency of approximately .6
cycles per second. The control gains (a ,g2) used are those furnished
by R-ASTR-F -(Reference 2) and are presenged as a function of flight
time on Figure 7.

Shown on Figure 8 is the initial angle of attack for the
nominal flight trajectory, which gives a 4° angle of attack in the
maximum dynamic pressure region. Angle-of-attack (@) peaks are shown
on Figure 9 for the median or most probable winds for May and June and
for the 30 headwinds for May and June for the flight time of 45 to 80
seconds. This includes the maximum dynamic pressure time of flight.

5
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The band, as shown on this figure, indicates that for the 3¢ headwinds,
which is the most critical direction, the angle of attack is within the
5.5° limit due to structural loads. The median or most probable winds
for May and June show a decrease in the angle of attack since these
winds are tailwinds. The disturbances used to obtain these peaks, other
than the annual winds, include the 99% probability shears and gusts, the
95% probability C,,C, variations (Reference 3), and a * 10% variation
for control gains (a ,gz) (Reference 2). The effects of these variationms
are all combined by ghe root sum square method. Shown also on Figure 9
is the angle-of-attack limit due to structural loads for the high
dynamic pressure time point (t = 68 sec). Limits for other time points
are not available at this time; however, the high dynamic pressure time
point is normally the most critical for structural loads.

Figure 10 shows the gimbal angle (B) peaks for the same time
of flight as above and with the same disturbances. Also shown on
Figure 10 is the gimbal angle for the median winds without C1 and C2
variations.

Shown in the table below is the individual effect of the various
disturbances on the angle of attack and gimbal angle for the time point
of 68 sec., i.e., the maximum dynamic pressure time point. A 3¢ June
headwind is used to obtain these values. These effects will vary for
different wind magnitudes and different times of flight, but these
values are typical.

Programed Wind Wind C1,Co a,,8,

Tilt Shears Gusts Variations Gains

Angle of Attack| 3.85 .58 1.04 42 12
Gimbal Angle 1.42 43 .63 1.95 .02

Based on past history for Saturn I flights and information from
R-AERO-DD, the nonrigid body effects on control of SA-6 should not exceed
.2 degree in B with the angle-of-attack effect being negligible.

Figure 11 shows the angle of attack as a function of wind speed
for the most critical time point (t = 68 sec). It is shown here that
the 5.5° angle-of-attack limit for this time point gives a wind
restriction of approximately 27 meters per second for a headwind, 78
meters per second for a tailwind. It has been determined that the cross-
wind limit for the vehicle is 59 m/sec.

Figure 12 shows the wind speed limits as a function of wind

azimuth, using the wind speed limits as given above. The launch
probability for the four months May through August is 0.998, 0.998,



0.987, and 1.000, respectively. These launch probability estimates are
given, assuming that the maximum q wind limits will be the limiting wind
speed and that the disturbances are combined statistically. Figure 12
also depicts the limits for various assumptions and combinations of
disturbances upon which a decision for launch could be based. 1If the
wind velocity is below the shaded portion of the figure, a definite "go"
condition exists. If the wind velocity is within the shaded portion, a
preflight simulation would be necessary to determine '"go" or '"no go."
Wind velocities above the shaded portion are a definite '"no go."

An investigation of the rigid body dynamics of S-IV stage after
separation was conducted with emphasis placed on the portions of flight
discussed below.

Fourteen seconds after separation command, active inertial
reference is transferred from the ST-90 to the ST-124 platform. This
may reflect a space reference error of approximately .25° for 30
deviations. This deviation will have a negligible effect on the control
of the vehicle.

At 17.6 seconds after separation command, adaptive guidance
(ST-124) is activated. The attitude (pp) of the vehicle, subject to
3 o path disturbances (Reference 14) in the flight plane, is presented
in Figure 13. This figure indicates the behavior of the vehicle in
the transition period when the programmed tilt (cam) is replaced by
the derived (polynomial) program. The angle development for the stand-
ard is due to the long tilt arrest period (30 sec) and the use of the
SA-7 guidance polynomial. The 3 cmaximum and minimum deviations are
essentially due to a + 2% thrust deviation from nominal. The maximum
tilt rate is 1° per second. The maximum gimbal angle requirement was
found to be approximately 1°. No control problems exist.

At approximately 627.6 seconds the S-IV stage engines cut off
and the vehicle becomes orbital. The attitude rate (@p) in the flight
plane, with the thrust decay subject to 30 disturbances, was found to
be approximately .25 degrees per second, causing no control problems.
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B. (U) Separation

This study is divided into two phases. The first of these is
an investigation of the probability of physical collision during
separation "collision phase." The second part is a study of attitude
(p) deviations of the S-IV stage immediately following separation
"control phase."

Vehicle motion for the rigid body analysis of the dynamics of
separation of the S-I and S-IV stages of the SA-6 vehicle was computed
using a six-degrees-of-freedom flight ‘simulation program in which a first
order mathematical simulation of the attitude (¢) filter is used. The
sequence of events previous to and following separation for SA-6 is
identical to SA-5 as outlined in Reference 4 and is briefly summarized
by the following:

Time (sec
- 6.4 Signal for S-I Inboard Cut-Off
- 4 Signal for S-I Outboard Cut-Off
- .1 Signal to Ignite Ullage Rockets
0 Separation Command (Explosive Nuts Actuate)
+ .05 Retrorocket Thrust Buildup to 10%
+ 1.7 Signal to Ignite S-IV Engines

Hardware limitations exist due to the (ST-90) inertial platform,
which prohibits (¢) deviations in excess of - 15° to + 165° in pitch,
+°15° in yaw, and * 15° in roll. 1If these limitations are exceeded, the
platform loses its space-fixed reference. Dynamics of the vehicle are
investigated, subject to the following disturbances: 30 engine mis-
alignments, 30 thrust variations, 30 wind and engine failures (note:
engine failure cases in this memorandum are defined as engines that
fail to ignite). These 30 variations for thrust, misalignment, and
wind are based on References 5 through 12. All disturbances are
directed to produce the maximum deviation of the vehicle from nominal
operation. . Results obtained from the 30 disturbances are treated in a
statistical manner, whereas engine failures, due to a lack of sufficient
data, are treated separately. Initial conditions were based on the
SA-6 Predicted Standard Trajectory. The 30 engine misalignments listed
below are total thrust values; i.e., the total thrust vector is mis-
aligned the stated amount.

30 S-I Booster (4 engines) = .75°
30 Ullage Rocket = .35°
30 Retrorocket = .10°
30 S-1IV Engines = .60°




Phase I "Collision"

A simplified drawing, which indicates the location of the S-I/
S-1V interstage in relation to the S-IV mainstage engines, is presented
in Figure 14. These engines are assumed to be gimbaled to and locked
in the hard outboard position, leaving a minimum lateral clearance of
74 cm. Results are presented in the form of lateral and longitudinal
motion of a point on the S-IV engine expansion nozzle relative to the
§-I/S-1V interstage at the separation plane. Relative motion due to
the following disturbances is presented in Figure 15: 30 thrust
variation (combined effect of S-I, Retro, and Ullage Thrust Variatioms),
30 engine misalignment (combined effect of S-I, Retro, and Ullage
Engine Misalignments), 30 wind, and the total '"combined effect." The
3¢ "Total Combination" utilizes 20% of the clearance available. Results
of individual engine failures are presented in Figure 16.

Phase II "Control"

Results of the control phase of this study are shown in Figures
17 and 18. These figures present attitude (¢) deviations in roll and the
yaw plane as a function of time (time measured from the separation signal).
Yaw attitude (¢p_) deviations due to the following disturbances are indi-
cated in Figurey17: ullage rocket #4 failure, S-IV engine #5 failure,
and a 30 "Total Combination" (combined effect of S-I, S-IV, and ullage 30
thrust variations, 3¢ engine misalignment, and a 3cwind). The failure
of ullage rocket #4 produces the largest attitude angle (¢_ = 4.5°).
Attitude deviations in roll are presented in Figure 18 for’30 thrust
misalignments for the mainstage S-IV engines and the ullage rockets. The
latter case produced the maximum roll angle (p_ = 5.7°), which is well
within the + 15° limitation of the ST-90 inertial platform.



C. (U) Lift-Off

The lift-off motion of the SA-6 vehicle is described in this
section. Launch is to be from AMR, launch complex VLF 37-B. Vehicle
motion was computed using a six-degrees-of-freedan flight simulation
program in which the earth is treated as a rotating ellipsoid. The
following disturbances were considered: S-I stage engine misalignment,
wind, gyro platform misalignment, and booster engine failures. Aero-
dynamic (Reference 13) and wind data are provided by R-AERO-A and
R-AERO-Y, respectively. Nominal booster operation is assumed in this
study unless indicated otherwise. The "3-sigma" engine and platform
misalignments used in this study are based on alignment tolerances as
outlined in Reference 6. Individual disturbances are combined by
root-sum-squaring the effect of each.

The location of the launch pad with respect to the shoreline
is shown in Figure 19. This figure indicates vehicle impact points
associated with several abort (eight booster engine shutdown) times.
It may be seen that for an abort time equal to or greater tham 27
seconds the vehicle will impact in the Atlantic Ocean.

A schematic of launch complex VLF 37-B, indicating the
location of the umbilical tower with respect to the SA-6 vehicle, is
presented in Figure 20. As indicated in this figure, the critical
structural member of the booster for tower collision is the tip of fin
no. 2. The "close" launch support equipment (Figure 21), located in
the proximity of the vehicle during lift-off is holddown arms, short
cable masts, and propellant fill masts. In this study all disturbances
are directed to produce the maximum horizontal drift of the vehicle
toward the object being considered. For example, when considering the
motion of the vehicle due to the effect of wind, engine misalignment or
platform misalignment with respect to the umbilical tower, each dis-
turbance is directed along a line that is 51° E of N (Figure 22). A
failure of control engine no. 1 is the most critical with regard to a
possible tower collision and produces a drift that is 45° E of N (Figure
23).

In this study a 30 engine misalignment of .53° means that the
thrust vectors of all eight booster engines are misaligned the stated
amount from their canted position. Horizontal motion due to 30 platform
misalignment of .2°, 30 surface wind (May), 30 engine misalignment of
.53°, and a 30 combination of wind, platform misalignment, and engine
misalignment is presented in Figure 24. Upon clearing the tower verti-
cally, the vehicle has drifted .5, 1.3, 1.9, and 2.3 meters,respectively.
No collision problem exists.




Drift, as a function of vertical displacement for no. 1 engine
failures at 0, 1, 2, and 3 seconds of flight time, is presented in
Figure 23 . It is shown that a failure of this control engine prior to
.7 seconds will present a collision problem with the tower. . However,
the estimated probability of a specific engine failure occurring within
a specified time period of 1 second is 3 X 10-°.

There are eight holddown arms, two propellant fill masts, and
two short cable masts in the vicinity of the vehicle at lift-off. Three
representative cases are presented in this memorandum, one of each of
the above named '"close'" objects. Vehicle motion is presented in centi-
meters for 3o disturbances and no. 1 engine failure (flight time = 0 sec)
of a point on inboard turbine exhaust duct adjacent to fuel fill mast,
shroud adjacent to holddown arm, shroud adjacent to short cable mast,
in Figures 24, 25, and 26,respectively. Due to the negligible amount
of drift incurred in the short period of time necessary for the vehicle
to clear these '"close" objects, individual wind cases are not included
in these figures.
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IVv. (U) CONCLUSIONS

The wind restrictions for the launch of SA-6 are shown on Figures
11 and 12, Using these wind restrictions of 27 m/sec headwind, 78 m/sec
tailwind, and 59 m/sec crosswind,and the predicted winds for the four
months May through August, the launch probability for the SA-6 vehicle
is near the 30 confidence level for this period. This is based on the
assumption that the 5.5° angle-of-attack limit for the maximum dynamic
pressure time is the limiting time point for structural loads.

In the separation phase of the SA-6 vehicle flight, there is no
collision or control problem under the influence of the 3 ogdisturbances
considered here.

The close launch support equipment, i.e., holddown arms, short
cable masts, and propellant fill masts, is not an obstacle to the lift-
off of the SA-6 vehicle under the influence of the 3 odisturbances
considered here. A collision problem with the umbilical tower does
exist if control engine no. 1 should fail very early in flight; however,
this occurrence must be considered highly improbable.
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(C) TABLE

SA-6 PROPELLED FLIGHT TRAJECTORY (STAGE 1)

8 X 188K Engines
850,000 (1bm) Prop. Consumption

F=1,511,192 (1bf)
Isp = 256 (sec)

W, = 1,130,764 (1bm)
wc = 276,563 (1bm)
Ground Acceleration

Time Distance  Altitude Velocity  Path Angle V Dot Mach
(sec) (km) (km) (m/sec) (deg) (m/sec?)

0 0 .03 0 0 0 0

20 .01 .82 84.7 .92 5.09 .25
40 .54 3.61 210.2 20.26 7.83 .63
60 3.34 8.81 383.5 33.64 8.76 1,23
65 4.50 10.47 429.4 35.78 9.68 1.41
70 5.86 12,30 481.3 37.45 11.17 1.63
75 7.43 14.30 541.9 38.93 13.11 1.88
80 9.27 16.52 612.7 40,72 15.23 2.15
100 20.49 27.72 1,008.9 49.13 24.50 3.35
120 41.11 42,96 1,602.9 57.17 35.40 4.87
140.1 75.92 62.65 2,467.7 63.37 52.42 7.91
146.1 89.54 69.36 2,628.1 64 .50 26.02 8.99

Dynamic

Time Mass Pressare Thrust Drag

(sec) (kg) (N/m™) (M) (N)

0 512,906 0 6,725,364 44,130

20 459,006 3,935 6,956,169 125,798

40 404,784 18,377 7,184,287 305,813

60 350,561 35,478 7,444,928 1,518,036

65 336,965 36,888 7,503,649 1,558,884

70 323,369 37,139 7,559,184 1,417,939

75 309,776 35,730 7,608,572 1,180,415

80 296,182 32,276 7,646,902 939,880

100 242,139 13,341 7,721,581 249,968

120 188,152 3,446 7,701,629 47,009

140.1 134,209 794 7,626,205 7,809

146.1 125,447 382 3,785,393 3,424
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FIG. 14, SCHEMATIC OF S-I/S-IV INTERSTAGE




- 30 Wind

- 30 Engine Misalignment (S-I, Retro, Ullage)
- 30 Thrust Variation (S-I, Retro, Ullage)
|l«—30 "Total Combination"
(Wind, Misalignment, Thrust)
Time Required from Separation Signal
to Clear Separation Plane = 1.1 sec
/ [~ 0]
Separation Plane
- _50
- 100 §
4
o
Q
5
- -150 8
r—-‘
o,
7]
o
)
— "‘200 —
®
c
o]
kS
3
D
- -250 T
o
o
A
RL 10 - -300
Expansion
Noz
- -350
1 1 ]
-60 -40 -20 - S-I/S-IV
Lateral Displacement (cm) Interstage
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FIG.22. TRACE OF A POINT ON FIN NO. 2

14

33



34

100

90

80

70

m)

(S, o
o o

Vertical Displacement (
NsN
o

30

20

10

Vehicle motion disturbed by the failure of engine no. 1 at:
0, 1, 2 and 3 seconds (no other disturbances included)

Engine Failure Time:
/ \ 2 sec
| / X
4 1 sec
/ N
/ / / O0sec
/K/ >\ o
/ \ /
\ =7 sec
' / < /
>/ Umbilical Tower
/ t=6 sec
t=5 sec
t=4 sec
t=3 sec
0 2 4 6 8 10 12 14

Horizontal Displacement (m)

FIG. 23.

TRACE OF A POINT ON FIN NO. 2




Vertical Displacement (cm)

720

640

560

480

400

320

240

160

80

35

Vehicle motion disturbed by: platform misalignment; engine
misalignment; wind; engine no. 1 failure at flight time, t=0sec;
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